One of the essential prerequisites for detection of Earth-like extra-solar planets or direct measurements of the cosmological expansion is the accurate and precise wavelength calibration of astronomical spectrometers. It has already been realized that the large number of exactly known optical frequencies provided by laser frequency combs (astrocombs) can significantly surpass conventionally used hollow-cathode lamps as calibration light sources. A remaining challenge, however, is generation of frequency combs with lines resolvable by astronomical spectrometers. Here we demonstrate an astrocomb generated via soliton formation in an on-chip microphotonic resonator (microresonator) with a resolvable line spacing of 23.7 GHz. This comb is providing wavelength calibration on the 10 cm/s radial velocity level on the GIANO-B high-resolution near-infrared spectrometer. As such, microresonator frequency combs have the potential of providing broadband wavelength calibration for the next-generation of astronomical instruments in planet-hunting and cosmological research.
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The existence of life on other planets and the evolution of our Universe are questions that extend far beyond a purely astronomical context into other domains of science and society. Observational contributions relevant to both questions can be made by measuring minute wavelength shifts of spectral features in astronomical objects. For instance, an Earth-like planet, too faint for a direct observation, can reveal its presence by periodically modifying the radial velocity of its host star and hence Doppler-shifting characteristic features in the stellar spectrum 1,2 . Similarly, it has been suggested that the changing expansion rate of the Universe could be directly measured by observing the cosmological redshift in distant quasars 3,4 . The major challenge for such measurements is the requirement of a precisely and accurately calibrated astronomical spectrometer capable of detecting frequency shifts equivalent to radial velocities of the order of 10 cm/s or smaller. Conventional approaches of spectrometer calibration typically rely on the emission lines of hollow-cathode gas lamps that are used as calibration markers. However, the limited stability over time, the sparsity and different intensities of emission lines as well as the sensitivity to line blending impose limitations that are incompatible with the observational requirements. Over the last decade it has been realized that laser frequency combs (LFCs) 5-11 provide new means of wavelength calibration with unprecedented accuracy and precision [12] [13] [14] [15] . Such LFCs are typically derived from mode-locked lasers and consist of large sets of laser lines whose optical frequencies ν n are equidistantly spaced: nu n = n * f rep + f 0 (n is an integer number). The two parameters f rep and f 0 are radio-frequencies (RF) accessible by conventional electronics and refer to the pulse repetition rate and carrier-envelope offset frequency of the mode-locked laser.
Via self-referencing and stabilization schemes, f rep and f 0 can be measured and locked to an atomic RF standard leading to a stable optical spectrum with exactly known optical frequencies. While in principle such stabilized LFC spectra would be ideal for astronomical spectrometer calibration, the lasers repetition rate f rep , and hence the line spacing, is typically well below the required mode spacing of at least 10 GHz (in order to be resolvable by an astronomical spectrometer). Therefore, previous work used several stages of actively stabilized Fabry-Pérot filtering cavities in order to thin out the comb spectrum. Besides high experimental complexity, imperfect filtering and nonlinear optical effects effectively shift the apparent frequency of the transmitted mode and constitute sources of systematic error [16] [17] [18] . Another approach is frequency combs derived from electro-optically modulated continuous-wave (CW) lasers [19] [20] [21] [22] . When modulating with microwave frequencies > 10 GHz, no mode filtering is required. However, if not suppressed via a stabilized optical filter cavity, the phase noise inherent to the microwave modulation source can lead to severe linewidth broadening in the wings of very broadband LFC spectra, introducing another source of unwanted line shifts and systematic error.
Here, unlike all previous approaches, we use a frequency comb that is generated in a Kerr-nonlinear optical microresonator [23] [24] [25] . When driven by a laser Kerrnonlinear optical frequency conversion can efficiently occur in such microresonators and result in broadband frequency comb spectra. As the resulting line-spacing is inversely proportional to the size of the resonator, microres- Before coupling to the spectrometer the comb is transferred from a single-mode into a multi-mode fiber and two spatial modescramblers are used to avoid modal noise (speckles). In the GIANO-B spectrometer the light is cross-dispersed and projected onto a 2-dimensional detector array. Alternatively to the LFC, light from a U-Ne hollow-cathode lamp can be injected into the spectrometer. In order to provide absolute wavelength calibration, the CW laser is locked to a self-referenced 100 MHz repetition-rate mode-locked laser. A wavelength-meter provides an approximate measurement of the CW lasers wavelength such that the lock to the mode-locked laser can be used for an exact and unambiguous determination. Both the microwave synthesizer driving the modulation of the CW laser and the reference comb are referenced to a 10 MHz signal provided by a GPS-disciplined rubidium atomic clock. (e) Scheme of the detector array with 2048 x 2048 pixels. onators naturally give rise to a LFC with a suitable linespacing in excess of 10 GHz without spectral filtering. Narrow linewidth and a smooth spectral envelope are important properties of a LFC for spectrometer calibration. In this regard, the recent discovery of temporal dissipative Kerr-soliton (DKS) in microresonators [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] has opened entirely new possibilities, which are explored here for the first time outside the protected environment of an optics laboratory and applied in the challenging application of spectrometer calibration. DKS can be generated both in CW and synchronously pulse-driven microresonators. In both cases, an ultra-short soliton pulse is formed inside the resonator, which gives rise to a coherent and broadband optical spectrum. Driving laser noise outside the microresonators bandwidth cannot enter the resonator and can hence not affect the comb generation. In this work, we use a ring-type microresonator ( Figure  1a ) fabricated on a silicon-nitride chip 37 and characterized by a free-spectral range (FSR) of 23.7 GHz and a linewidth of 300 MHz. As it enables direct control over the solitons repetition rate and carrier-envelope offset frequency 35, 38 , we extend the pulsed laser driving scheme demonstrated in Fabry-Pérot type microresonators to the present ring-resonator geometry. The driving laser source is a 1560 nm CW laser (approx. 1 W on the chip) that is electro-optically modulated at 11.85 GHz (half the FSR) and compressed into pulses of pico-second duration. This novel configuration, where the soliton is only driven every other roundtrip 39 , is possible as the soliton roundtrip time is much shorter than the resonators decay time. Effectively the soliton adopts twice the modulation frequency as its repetition rate. The resulting spectrum is shown in Figure 1c with an underlying soliton pulse of 50 fs duration (100x shorter than the driving laser pulses). During operation the microresonator self-locks to the driving laser 40 so that no active feedback-loop is required. In order to provide absolute frequency calibration, the CW laser frequency (which determines the microresonator combs offset frequency) is linked to the 10 MHz RF signal of a GPS-disciplined rubidium atomic clock via a self-referenced 100 MHz repetition rate modelocked laser as detailed in Figure 1d . A fiber-Bragg grating (FBG) was added after the microresonator to suppress the residual driving laser light. The resulting spectral hole in the center of the frequency comb can be avoided in future work by using a critically coupled microresonator, an adapted FBG filter or a drop-port configuration 32, 35 .
The demonstration of microresonator LFC-based wavelength calibration is performed on the GIANO-B high-resolution near-infrared spectrometer at the Telecopio Nazionale Galileo (TNG) on La Palma, Spain 41 (Figure 1b) . As a cross-dispersing Echelle-type spectrometer GIANO-B projects the near-infrared spectrum from 0.9-2.4 µm onto a 2-dimensional detector array of 2048 x 2048 pixels (Hawaii2RG). On the detector, the spec- trum is organized in 50 Echelle-orders, covering consecutive wavelength intervals. The wavelengths contained in each Echelle-order are dispersed horizontally across the detector and the individual Echelle orders are separated vertically (where increasing order number implies shorter wavelength). The extent of a single optical frequency on the detector is given horizontally by the spectrometers point-spread-function (PSF) and vertically by the height of the spectrometers entrance slit. Prior to injecting the LFC light into the spectrometer two scramblers based on mechanically actuated multi-mode fibers 42 were used in order to avoid modal noise (speckles) on the detector (cf. Figure 1d) . The goal of the wavelength calibration is to provide an accurate and precise pixel-to-wavelength mapping, which is also referred to as wavelength-solution. Figure 2a shows the detector image of the conventional calibration light source, i.e. a uranium-neon (UNe) hollow-cathode lamp after a 120 s exposure. The sparsity of U-Ne emission lines is a major limitation in deriving the wavelength solution. In contrast, the microresonator LFC (cf. Figure 2b) provides a much denser grid of well-resolved calibration lines. The observed LFC line-shapes are given by the spectrometers PSF, which is large compared to the width of the LFCs modes. In a first step towards the wavelength solution, the signal (measured in analog-to-digital units, ADU) in the inner 20 pixel (along the vertical direction) of each detected LFC line is summed in order to increase the signal-to-noise ratio (cf. Figure 2c ). In the resulting 1-dimensional data (cf. Figure 2d ) the horizontal pixel position of each LFC line is determined via least-squares fitting of a Gaussian PSF-model in a 5-pixel-wide window around each pixel with a peak ADU count. The 1 uncertainty of a single line fit is typically well below 5% of a pixels width cor-responding to less than 100 MHz of fit uncertainty (cf. Figure 2d , inset). This uncertainty is related to fundamental photon-noise 43 , in the ADU counts. LFC lines in the vicinity of hot pixels or cosmic ray induced artifacts are masked and excluded from the analysis. Next, each detected LFC line pixel-position is assigned an exact optical frequency based on the known parameters of the LFC. The results of two LFC exposures (comb line frequency vs. pixel-position) observed with 5 minutes of separation in time are shown in Figure 3a . Here, for each Echelle-order a 3 rd order polynomial fit was subtracted in order to make subtle details in the calibration data visible (The components of the 3rd order polynomial are shown in Figure 3c,d,e) . In order to reduce the effect of line-fitting uncertainty a 5-point sliding box average is applied to this calibration data. This is justified as the uncertainties of the calibration points are significantly larger than the underlying structures in the frequencyversus-pixel data. The two LFC sets of calibration data exhibit the same characteristic features, which also repeat with high similarity for each Echelle order. Notably, discontinuities in calibration data are visible in the center of each Echelle order (Figure 3a, dashed lines) . This is a result of the detector being comprised of four 1024 x 1024 pixel arrays that are arranged next to each other to form the full array. Here, the slightly different distances between neighboring pixels at the arrays interfaces imply a discontinuous frequency-versus-pixel behavior. In a final step, the actual pixel-to-wavelength mapping (wavelength solution) can be found for any pixel position by interpolating between the LFC calibration data points.
In order to quantify the quality of the LFC-based wavelength solution, a conservative upper limit of the global precision can be found by taking the pixel-wise difference between the two wavelength-solutions. This yields the difference histogram shown in Figure 3b , which reveals a global spectrometer drift of 3.24 ±0.23 MHz (4.86 ± 0.35 m/s). The single wavelength solution precision is hence 25 cm/s, in agreement with an estimate of the fundamental photon noise of approximately 20 cm/s 43 . Despite being a first demonstration, the achieved calibration is already significantly superior to the conventional calibration approaches and of immediate relevance to advanced astronomical observation. Finally, we verify the microresonator LFCs consistency with the conventional U-Ne standard. To this end, a U-Ne spectrum that was taken in-between the two LFC exposures is analyzed. Careful inspection of the U-Ne spectrum led to the selection of 15 emission lines that were well isolated and free of artifacts such as line blending or modulated background signals. An average between the two LFC wavelength solutions is used to attribute optical frequencies to the U-Ne lines, whose pixel position were found again via least-squares Gaussian-PSF fitting. Subtraction of literature values 41, 44 from the LFC-based frequency values results in a mean difference consistent with zero (cf. Figure 3f) . This proves the consistency of the LFC based calibration with the established calibration standard.
In summary, we have shown that microresonators provide novel and natural means of generating widelyspaced optical frequency combs suitable for astronomical spectrometer calibration. Already in this first demonstration, we obtain a wavelength calibration of the order of 10 cm/s, which can be further improved by increasing the LFCs spectral span. Importantly, this is not a technological limitation and indeed microresonator spectra spanning the entire near-infrared regime have already been achieved 34, [45] [46] [47] [48] . In addition, efforts of extending microresonator frequency combs into the visible wavelength regime are ongoing 49, 50 . As such microresonator frequency combs hold great potential as calibration sources for the next-generation of astronomical instruments in planet-hunting and cosmological research. 
